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Chapter 2 

2 Guidelines for interpreting hydrochemical pattern s in data 
from public supply well fields and their value for natural 
background groundwater quality determination 1 

Abstract 

                                                      
 
1 This chapter was published as Mendizabal, I., Stuyfzand, P.J., 2009. Guidelines for interpreting 
hydrochemical patterns in data from public supply well fields and their value for natural background 
groundwater quality determination. Journal of Hydrology, 379(1-2): 151-163. 

Hydrochemical data records from public supply 
well fields (PSWFs) may constitute a valuable 
national monitoring network for evaluating the 
quality status of groundwater. The advantages 
and disadvantages of such networks are 
analyzed, as compared to dedicated networks 
that use specific monitoring (observation) wells 
with short well screens and without protracted 
high volume pumping. The term well field 
adaptation (WFA) is introduced as the capacity of 
a PSWF to adapt to a changing environment. The 
WFA-record itself is shown to be a general 
indicator of environmental problems affecting the 
groundwater system. 

Guidelines are presented to better interpret PSWF 
water quality data, by analyzing (a) the chances 
on bias in using data from a well field, (b) the 
WFA-record, (c) historical changes in 

hydrochemical methods, (d) the origin of the 
groundwater mixture, and (e) the approximate age 
distribution of the water. A simple approximation 
is given for calculating the hydrological response 
curve (HRC) of a well (field), which yields the 
cumulative frequency distribution of the age of the 
raw water. With a single tritium analysis of the raw 
water in year x and a known tritium input function 
for the aquifer, this HRC can be corrected to 
better predict the percentage of young, tritiated 
water (infiltrated after 1953). 

The many complications connected to interpreting 
PSWF data are illustrated (ranging from a single 
sample to a time series of >100 years) and it is 
shown that notwithstanding various drawbacks, 
valuable observations and conclusions can be 
obtained. 
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2.1 Introduction 

The Water Framework Directive (EU, 2000; 2008) 
and its daughter Groundwater Directive (EU, 
2006a), enforce all EU member states to monitor 
and assess the quality and quantity of European 
waters on the basis of common criteria and to 
identify and reverse trends in groundwater 
pollution. Member states are required to achieve 
good chemical status of their waters by the year 
2015. For this purpose, extensive monitoring is 
required and national groundwater quality 
monitoring networks (NGQMNs) are being 
developed, not only in Europe (a.o. Denmark 
(Juhler and Felding, 2003), The Netherlands (van 
Duijvenbooden et al., 1993) and the UK (Ward et 
al., 2004)), but also in, e.g. Egypt (Dawoud, 
2004), Korea (Kim et al., 1995; Lee et al., 2007), 
New Zealand (Daughney and Reeves, 2005), 
South Africa (Parsons and Tredoux, 1995) and 
the US (Rosen and Lapham, 2008).  

Such networks are regularly monitored and 
resulting data used to: (1) establish the actual 
groundwater quality in relation to soil use, soil 
type and hydrogeological conditions (Boumans et 
al., 2005; Frapporti et al., 1993; Fraters et al., 
1998; Meinardi, 2003; Pebesma and de 
Kwaadsteniet, 1997; Reijnders et al., 1998; van 
den Brink et al., 2007); (2) identify trends in 
groundwater quality (Batlle Aguilar et al., 2007; 
Boumans et al., 2005; Broers and van der Grift, 
2004; Burow et al., 2007; 2008; Daughney and 
Reeves, 2006; Frapporti et al., 1994; Reynolds-
Vargas et al., 2006; Stuart et al., 2007; Visser et 
al., 2009; Xu et al., 2007); and (3) establish the 
regional natural background compositions of 
groundwater (Coetsiers et al., 2009; Edmunds et 
al., 2002; Edmunds and Shand, 2008; Fraters et 
al., 2001; Lee and Helsel, 2005; Limbrick, 2003; 
Wendland et al., 2008).  

The first goal is successfully accomplished with 
groundwater quality data gathered throughout 
these networks. The studies on detection and 
quantification of trends in groundwater quality, 
however, often showed difficulties (Visser, 2009), 
mainly because the period of interest in 
groundwater studies is usually longer than the 
period of record (Loftis, 1996). Furthermore, the 
regional natural background composition of 
shallow groundwater is hard to define in many 
areas, due to its contamination. The problem is 
usually solved through backward trend analysis of 
young groundwaters or by selecting, if available, a 
data subset from older monitoring networks that is 
assumed to reflect the natural composition, as 

evidenced by hydrological and geochemical 
tracers (Edmunds, 2008). A recent review of the 
complications connected to these methods 
revealed that the data set selection is a crucial 
step in determining the natural background and 
that old analyses are the only direct reference to 
establish the natural background concentration for 
groundwater units having only anthropogenically 
influenced, young groundwater at present 
(Griffioen et al., 2008). 

A monitoring network that is available in most 
countries and is also useful to determine temporal 
and regional groundwater quality patterns is the 
network of public supply well fields (PSWFs), 
which are monitored on a regular basis as an 
integral part of the quality surveillance of national 
drinking water supply. Long-term monitoring data 
from PSWFs have been successfully used, often 
in combination with data from private drinking 
water supply wells, to determine contamination 
problems mainly deriving from agricultural 
practices (Goss et al., 1998; Squillace et al., 
2002; Stuart et al., 1995). In addition, national 
surveys on a.o. fluoride (Lalumandier and Jones, 
1999; Stas et al., 1937) or iodine 
(Gezondheidsraad, 1932) in drinking water 
provide a national overview of the groundwater 
quality. This network presents numerous 
advantages and disadvantages, as compared to 
dedicated networks that use specific monitoring 
(observation) wells. The main advantage of 
PSWFs amongst NGQMNs is their longer period 
of record, which in many cases fully covers the 
period of interest. In The Netherlands, where the 
period of record begins in 1898, such network 
provides valuable information on the quality status 
of groundwater at the beginning of the 20th 
century and its evolution through more than a 
century. Furthermore, concentrations measured in 
the early years are a good estimation of the 
natural background of the pumped aquifers. The 
main disadvantage, however, is the more 
elaborate interpretation of such data, due to 
numerous complications inherent to historical data 
and to PSWFs themselves. 

In this contribution, new guidelines are presented 
to interpret water quality data obtained from 
national PSWF networks, by taking into account 
the following aspects: (a) the chances on bias in 
using data from a well field, (b) historical changes 
in the well field, (c) changes in hydrochemical 
methods in the course of time, (d) the origin of the 
groundwater mixture (local precipitation, river 
bank filtrate (RBF), artificially recharged surface 
water (AR) or recent/ancient sea water), and (e) 
the approximate age distribution of the water 
pumped. The latter is needed to understand the 
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proportion of young, potentially more 
contaminated water and dilution phenomena due 
to mixing with old groundwater. The value of 
groundwater quality time series obtained from 
PSWFs as compared to NGQMNs is illustrated, 
by means of three examples. Although they refer 
to the situation in The Netherlands, where the 
quality and volume of groundwater abstracted by 
all active PSWFs have been continuously 
monitored since 1898, the guidelines and 
methods here presented are expected to be 
applicable in any other country where PSWFs 
have been monitored. 

2.2 Well fields and their data 
collection 

2.2.1 Public supply well fields (PSWF) 

A PSWF is defined as a coherent set of not 
privately owned pumping wells delivering 
groundwater to be distributed to the public as 
drinking water, either without or after treatment. 
PSWFs can be classified into various types 
according to: (1) the origin of the groundwater; (2) 
the properties of the aquifer; (3) the land use incl. 
anthropogenic sources in the capture zone, if any; 
and (4) the hydrologic characteristics of the 

PSWF. These factors, summarized in Table 2.1, 
mainly dictate the quality of the raw water 
delivered by a PSWF, by a succession of 
processes from recharge to abstraction. A special 
factor is the source water (see guideline 4), which 
can be fresh autochthonous groundwater (either 
actual or paleo groundwater deriving from local 
precipitation), RBF and/or AR. In particular cases 
even brackish to saline groundwater may be 
admixed. The origin of the water pumped is a 
special factor indeed, because it dictates which 
input signal is relevant for the PSWFs output 
signal. The properties of the PSWF itself also play 
a particular role, by determining the mixing ratio of 
waters of different age and origin during pumping. 

According to these criteria, PSWFs in The 
Netherlands can be classified in five groups: 
Phreatic, (semi)confined, AR, RBF and limestone. 
Their main properties are summarized in Table 
2.2 and their spatial distribution is given in Fig 2.1. 
Most AR is located in the coastal dunes, RBF in 
the Rhine Delta and limestone in South Limburg. 
Most PSWFs in Twente and the Achterhoek are 
phreatic and pump water from a shallow aquifer, 
while most PSWFs in the Central Graben (area 
within the faults) pump deep tertiary aquifers, at 
100-200 m-MSL (meters below Mean Sea Level). 

 

Table 2.1: Main factors determining the water quality abstracted by public supply well fields (PSWF). 

Sourcea Aquifer properties Land use Well field characteristics 

  Type Material Genesis Reactivity     

G Phreatic sand Eolian Organic  matter Nature Hydrological response curve 
P Semiconfined Sandstone Glacial Pyrite Agriculture Capture zone 
RBF Confined Limestone Fluviatile Calcite/dolomite Pasture Recharge / pumping rate ratio 
AR  Effusive rock Marine Gypsum Urban Depth to brackish/salt interface 
S   Other Other Glauconite Industrial Depth to groundwater table 

a G: fresh, autochthonous, recent groundwater; P: fresh, autochthonous paleo groundwater; AR: artificially 
recharged water; RBF: river bank filtrate; S = saline/brackish groundwater. 

 

From the 1187 Mm3 (Million cubic meters) of 
drinking water produced in 2000, PSWFs covered 
79 % of the production. The rest was prepared 
from surface water directly taken from rivers or 
lakes. From the 940 Mm3 drinking water produced 
by PSWFs, 46 % was pumped from 
(semi)confined aquifers. These are also the most 
protected against anthropogenic pollution from the 
surface. AR systems have the largest capacity (19 

% of the total production with only 9 PSWF) and 
they also present the lowest closing rate. The 
production of phreatic PSWFs decreased 
drastically in 8 years (from 335 Mm3 in 1992 to 
205 Mm3 in 2000) due to their higher vulnerability 
towards a.o. agriculture and urbanization. 
Limestone PSWFs are also very vulnerable, as 
shown by their high closing rate.  
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Fig 2.1: Spatial distribution of the National Network of PSWFs projected on top of a landscape map of The Netherlands. Classification according to 
source water and aquifer type in: phreatic, (semi)confined, AR, RBF and limestone. The Dutch National Groundwater Quality Monitoring Network 
(LMG) is also shown. 
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Table 2.2: General characteristics of the five types of water resources for public drinking water supply in The 
Netherlands, anno 2008. 

  Sand and gravel Limestone 

PSWF type G AR RBF   

  Phreatic (Semi)confined       

Number of PSWFs 121 147 12 38 24 

First year of operation of first PSWF 1881 1881 1940 1921 1894 

Number of active PSWFs 69 93 9 21 9 

Number of closed PSWFs 52 54 3 17 15 

% Of closed PSWFs 43 37 25 45 63 

Mean raw water production per PSWF [Mm3/y] a 2.5 4.3 14.3 4.2 1.8 

Total amount of drinking water produced [Mm3/y] a 205 437 180 97 22 

% Of total amount of drinking water produced a 22 46 19 10 2 

Mean nr. of wells/collection points 10 12 303 15 7 

Mean land surface [m ASL] 20 12 11 2 80 

Mean abstraction level [m BLS] 26-65 62-112 9-41 24-54 19-60 

Mean aquifer Level [m BLS] 9-90 55-142 1-44 18-81 12-92 

Mean aquifer thickness [m] 81 87 43 64 80 

Age spectrum [y] 2-200 20-25000 0.1-0.3 1-50 2-200 

a Water production in year 2000. ASL = Above Sea Level; BLS = Below Land Surface. 

 

For comparison, Fig 2.1 also shows the spatial 
distribution of the Dutch NGQMN (LMG in its 
Dutch abbreviation). LMG was established in 
1979 by RIVM, the Dutch National Institute for 
Public Health and the Environment, in order to 
quantify human impact on groundwater quality 
over space and time. The network comprises 400 
piezometer nests evenly distributed throughout 
the country, with a higher density in areas 
relevant for drinking water production (Reijnders 
et al., 1998; van Duijvenbooden, 1987). All wells 
were constructed using a standardized drilling 
method, dimensions and well completion, with 2 
m long screens at about 9, 15 and 24 m BLS 
(below land surface). The upper (9 m BLS) and 
lower piezometers (24 m BLS) are sampled and 
analyzed for macro and micro constituents every 
1-4 years, depending on the vulnerability of the 
groundwater (Wever, 1998). The other piezometer 
is sampled occasionally. LMG has been 
supplemented since 1989 with 12 Provincial 
Groundwater Quality Monitoring Networks (PMG, 
not shown on the map), which follow the same 
construction and sampling standards for optimal 
integration. PMG fulfills additional purposes, like 
the groundwater quality surveillance of specific 
nature reserves. Both networks are well 
distributed over the entire country, except for the 
areas with marine clay deposits from the 

Holocene transgression, where drinking water 
production is not feasible. 

2.2.2 Data records 

In The Netherlands, the raw water quality and 
volumes pumped from all PSWFs are reported 
four times a year to the authorities, conform Dutch 
legislation (Waterleidingbesluit, 1984). These 
routine data have been stored initially, in the 
period 1898-1991, in data reports (VWN/VEWIN, 
1898-1992) and data files of RIVM. Since 1992 
the data are stored in a national digital database 
(REWAB). All nondigital data have been 
digitalized for this study, including both the routine 
data and selected data from occasional national 
surveys, for instance on iodine 
(Gezondheidsraad, 1932), fluoride (Stas et al., 
1937) and tritium (Glastra et al., 1989). The result 
is a digital record of water quantity and quality for 
all PSWFs since 1898. 

When important hydrochemical data on raw water 
quality are lacking, it is optional to resort to data 
on drinking water quality deriving from the same 
well field. Of course, the effects of water treatment 
should be known; they determine which 
parameters of the analysis can be used. 
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2.2.3 Sampling  

PSWFs should be sampled with special care to 
obtain water samples that are hydrochemically 
representative for the well field. Samples are 
usually obtained from specific sampling points 
(faucets) on individual wells or on transport mains 
that discharge the water from various or all 
pumping wells. The most representative sample is 
obtained from a collection point where the waters 
from all wells have been mixed already, before 
entry into the water treatment facility, and 
preferably when all wells or a representative set of 
wells have been active for at least a couple of 
hours. The latter is a practical rule lacking 
theoretical basis, although this refreshening time 
normally is in line with the rule for monitoring wells 
requiring the evacuation prior to sampling, of at 
least three times the water content of the well 
screen plus riser. In a PSWF with wells tapping 
different aquifers additional samples from the 
individual aquifers will help in the interpretation. 
However, this is not always feasible. On the other 
hand sometimes only individual wells can be 
sampled and the water quality of the well field 
must be calculated as the average of all individual 
wells, volume weighted. The pumping scheme of 
the individual wells within the well field is also 
crucial (Hem, 1985). It is common practice to 
apply pumping schemes in order to optimize the 
functioning of the PSWF in relation to water 
supply needs, water treatment, well clogging or 
salinization prevention. This may introduce a large 
variability in water quality depending on the wells 
activated. 

Chemical analyses of water samples from PSWFs 
require a more cautious interpretation than those 
obtained from conventional observation wells, and 
require two additional properties to be involved: 
the hydrological response curve (HRC), which is 
explained in guideline 5, and the area contributing 
recharge to the water body pumped by the well, 
which is also referred to as the well head 
protection area (WHPA) by different authors. 

2.2.4 Well head protection area (WHPA) 

The WHPA is the surface and subsurface area 
surrounding a water well or well field supplying a 
public water system, through which contaminants 
are likely to move toward and reach such water 
well or well field (USEPA, 1997). The surface area 
is identical to the water catchment area of the well 
field. When interpreting water quality data from 
well fields, the land use within the catchment area 
and the changes in both the area and the land 
use should be known. 

WHPA’s are delineated by several methods, 
ranging from simple analytical approaches to 
complex computer models. USEPA (1998) 
provides a detailed literature review on methods 
used until 1998. Analytical approaches have been 
developed for selected ideal cases (Broers and 
van Geer, 2005; Ceric and Haitjema, 2005; 
Haitjema, 1995; van Leeuwen et al., 1998; van 
Ommen, 1986). The simplest one is a fixed-radius 
WHPA (Ceric and Haitjema, 2005), which applies 
to a fully penetrating, single extraction well, 
screened in a confined aquifer of infinite areal 
extent without regional flow component. The most 
elaborate option is to obtain the WHPA from a 
numerical groundwater model, which is more 
appropriate in complex geohydrological settings 
(Franke et al., 1998). The optimal method is 
usually the one that simplifies the flow system as 
much as possible while still preserving its 
geological and hydrologic characteristics (Paradis 
et al., 2007).  

2.3 Guideline 1: check for specific 
bias inherent to data from pumping 
wells 

2.3.1 Short-circuiting via wells 

Well construction is a crucial element in the 
evaluation of chemical analyses of groundwater in 
general. It is perhaps even more crucial in case of 
groundwater from pumping wells, because of a 
larger diameter of their bore hole and larger 
pressure drops for a longer time in their vicinity, 
as compared to monitoring wells. When aquitards 
(or aquicludes) are perforated during well 
construction, they should be properly restored by 
clay plugs or cement grout, to prevent cross-flow 
between aquifers through the annular space 
between the well casing and the aquitard 
(Driscoll, 1986). When such seals are absent or 
do not perform properly, waters of normally lower 
quality from overlying aquifers will flow towards 
the well screen through the annular space, 
induced by large pressure drops generated within 
the well. Holes, cracks and casing joints can also 
act as cross flow enhancers. 

Short-circuiting is indicated when, for instance, a 
significant tritium activity is measured in water 
from a well that was calculated to contain water 
that infiltrated 100% before 1953 (see “Tritium 
validation and calibration”). Other evidence may 
derive from microbiological analyses when 
positive for viruses or bacteria originating at the 
surface, in water pumped from deep confined 
aquifers or water calculated to be older than for 
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instance 100 years (Stuyfzand and Bannink, 
2003).  

Another source of short-circuiting is the well 
screen itself when there are significant pressure 
differences within the pumped aquifer or between 
2 or more aquifers, in case of one well tapping 
various aquifers. The cross flow will strike when 
the well does not pump. This results in leakage of 
groundwater from one aquifer (layer) into the 
other, which can be recognized during the initial 
pumping phase as a slow change in water quality 
away from the water that leaked in (normally 
water from shallower aquifers with lower quality or 
a less anoxic character). 

A side effect of cross-flows through the gravel 
pack or well screen is the mixing of for instance 
deep anoxic water with shallow (sub)oxic water. 
This mixing can also occur, without any cross 
flow, in wells screened in different aquifers, wells 
tapping a chemically stratified aquifer or wells 
pumping waters of different origin (Houben and 
Treskatis, 2007; Stuyfzand, 2007). The mixing of 
both waters within the well provokes the formation 
of chemical precipitates of a.o. Fe(OH)3, which 
plug the well screen and substantially reduce well 
yield. The process is known as chemical well 
clogging and is one of the main hydrochemical 
problems waterworks must face. The formation of 
precipitates slightly reduces concentrations of 
mainly Fe, Mn, As and PO4 (Houben and 
Treskatis, 2007). Also, periodical maintenance of 
clogging wells may result in water samples that 
bear some effects of the regeneration itself (like 
reaction products of the acids or oxidants used), if 
taken too early after regeneration. 

2.3.2 Leaky valves (well field scale) 

Another point of concern is the leakage through 
valves in temporarily inactive wells. When wells 
are inactive, they are isolated from the transport 
network by valves. High pressures in this network 
combined with defects in the valves due to 
corrosion, iron precipitation or malfunctioning can 
turn the inactive well into an unexpected 
infiltration well, bringing into the aquifer water 
flowing through the transport network that 
originates from a different area of the well field. 
When the well functions again, the involuntarily 
infiltrated water will be pumped out first and this 
will dictate the quality of the pumped water. 
Depending on the volume infiltrated during the 
inactive period, it may take a long time before the 
sampled water quality resembles the real quality 
of the aquifer. 

2.3.3 Interaction with well materials 

Samples from older PSWFs may also be 
handicapped by the release of heavy metals like 
Cu from copper well screens, and PAHs from 
asphalted iron or steel screens and risers. These 
non-inert materials were frequently used until the 
1960s, after which more inert materials like 
polyvinylchloride (PVC), high density polyethylene 
(PE) or glass fiber have been used. Effects of 
interaction with well materials are more 
pronounced in well fields tapping acid 
groundwater and shortly after reactivation of 
inactive wells. 

2.4 Guideline 2: determine well field 
adaptation (WFA) 

In the 19th century, PSWFs usually abstracted 
groundwater of good quality from phreatic 
aquifers. Increasing pollution during the 20th 
century forced waterworks to look for more 
protected resources, and growing population and 
drinking water demands also forced them to 
increase their capacity. We define the term well 
field adaptation as “The capacity of a PSWF to 
adapt to the environment in order to produce 
enough water volume to fulfill the drinking water 
demand, with sufficient quality for preparation of 
drinking water at the lowest cost and avoiding 
expensive treatment”. Well field adaptation is a 
process comparable to the adaptation of any 
living creature to survive in a dynamic 
environment. When adaptation measures are not 
sufficient to improve the water quality to 
sustainable standards, the well field fails and is 
permanently closed or equipped with enhanced 
treatment systems. Some typical adaptation 
measures are listed in Table 2.3.  

The interpretation of hydrochemical data obtained 
from PSWFs is hindered by these adaptation 
measures, but the adaptation record also provides 
substantial information on the effects of 
anthropogenic influences on water resources. 
Extensions (adding new wells to the well field) 
and reallocations (adding new wells and closing 
the old ones) to deeper aquifers point towards 
stresses from the surface like acidification, 
urbanization and eutrophication, while extensions 
or reallocations to shallower aquifers point 
towards salinization of deep aquifers by excessive 
pumping and subsequent upconing of deeper 
brackish water. Implementation of AR in an 
aquifer is usually triggered by salinization due to 
excessive pumping and/or by an unacceptable 
decline of groundwater tables. RBF is applied to 
counteract river water quality deterioration, mainly 
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due to urbanization and industrialization. 
Interception wells within a well field usually solve 
pollution spills and point pollution sources. 

If a well produces water with high Fe and Mn 
concentrations, the quality is sometimes improved 
by application of Subsurface Iron Removal (SIR). 
SIR is applied to approximately 10 % of all 
PSWFs in The Netherlands. The method consists 
of the injection of a limited volume of aerobic 
water into the aquifer through the abstraction well, 
followed by the abstraction of a greater volume of 
groundwater, with much lower iron and 
manganese concentrations (Hallberg and 
Martinell, 1976), which precipitate as hydr(oxides) 
around the well. During subsequent abstraction, 

dissolved Fe and Mn adsorb to the hydr(oxides) 
and are removed from the pumped groundwater. 
When the adsorption complex becomes 
saturated, Fe and/or Mn concentrations are again 
detected and a new injection is applied. The 
method produces numerous changes in the water 
quality (Appelo et al., 1999; van Beek and 
Vaessen, 1979) that must be taken into account. 
Sulfides and organic material probably present 
are also oxidized, with the consequent increase of 
SO4 and heavy metals like As, Ni, Co and Zn. 
Furthermore, all mentioned oxidation processes 
and adsorption of Fe and Mn are acidifying 
processes that release protons, modifying the 
concentrations of all pH dependent species.  

 

Table 2.3: Well field adaptation measures, their application in The Netherlands and implications for trend 
analysis of water quality. The second column shows the environmental or technical problems that are to be 
solved by the specific adaptation measures. 

Consequences for trend analysis 
Well field adaptation measures Counteracted environmental or 

technical problem a 
Increase Decrease 

Extension with new wells in a deeper aquifer +++ 

Moving to deeper aquifer + 
pH, HCO3 Oxid., pollutants 

Extension with new wells in same aquifer outside 
impacted areas 

++ 

Moving to same aquifer outside impacted areas 

Acidification, urbanization, 
eutrophication and salinization 

- Salinity, pollutants 

Extension with new wells in shallower aquifer 
+ 

Moving to shallower aquifer 
Salinization 

- 
Oxid. Ca, salinity 

Interception wells 

Sanitation measures within the WHPA, incl. the 
banning of specific activities 

Point pollution sources and spills +++ 

Abandoning a specific bad quality well All + 

Change from surface water to AR or RBF Urbanization, industrialization ca 5% 

- Pollutants 

Change from groundwater to AR Salinization, declining 
groundwater tables 

15% Pollutants - 

Well regeneration Clogging +++ 

Subsurface Iron Removal (SIR) Clogging, treatment 
Co, Ni Fe, Mn, NH4, PO4 

Variability in pumping scheme Water demand and treatment, 
well clogging, salinization 

+ 
- Salinity 

a estimated importance in The Netherlands. 

 

2.5 Guideline 3: check for historical 
changes in hydrochemical methods 

Hem (1985), Matthess (1982) already warn for the 
effects of historical changes in hydrochemical 
methods. In PSWFs in The Netherlands, various 
chemical parameters have been reported in 
different units during the century. Nitrate, for 
example, was reported as mg N2O5/L before 
1915, as mg NO3/L until 1970 and as mg N/L 
afterwards. Historical data must be checked for 

these inconsistencies and it is not uncommon that 
unit conversions have been applied twice, which 
is extremely difficult to identify. A listing of 
parameters with variable units encountered in The 
Netherlands is given in Table 2.4, together with 
the conversion factors required to recalculate 
them. Missing decimal points in ancient books or 
typing errors during digitalization of large 
databases are common errors that require 
correction. Such errors are not only common in 
historical PSWF data series, but also in 
NGQMNs. Frapporti et al. (1994), for example, 
reported changes in sampling and analytical 
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procedures, due to a relocation (including 
renovation) of the laboratory responsible for the 
analyses. 

Another point of concern is the handling of 
censored data (values above or below a specific 
detection limit). Simple substitution methods (<x 
by either 0, x/2 or x) are widely used, but have no 
theoretical basis and lead to undesirable and 
unnecessary errors when computing basic 
statistics (Helsel, 1990). Moreover, they produce 
bias when detection limits vary in time and space. 
The data record shows on average a continuous 
decrease in detection limits in time, corresponding 
to improved analytical methods. This trend, 
however, shows fluctuations sometimes in 
detection limits because available resources and 
budgets determine which analytical method is 

good enough for the information required. Also, 
the many laboratories and waterworks involved in 
a national survey, apply different analytical 
methods, which yields an additional spatial 
variability in detection limits. Hence, censored 
data with values far above present detection limits 
should be discarded. For this purpose, a threshold 
of 2 times the 10th percentile was defined for 
every parameter in the database and censored 
values above this threshold were rejected. This 
exercise removed from the database misleading 
values like Hg <5 µg/L reported in 1989. When 
multiplied by 0.5, this censored value would 
become 2.5 µg/L, which would be the maximum 
value of the database with Hg values of 0.005-
0.25 µg/L.  

 

Table 2.4: Listing of parameters with variable units in the annual reports of the Dutch Waterworks 
Association (VWN/VEWIN, 1898-1992). Three periods are discerned, with boundaries around 1915 and 
1970. The conversion factors to recalculate between columns are also given. Although units in column C are 
more actual, units in column B are more commonly used in groundwater literature. 

A B C Conversion 

Before 1915 1915-1970 After 1970 A -->B C -->B 

NaCl a mg/L Cl mg/L Cl mg/L 0.61 1 

- - EC uS/cm (18 oC) EC mS/m (20 oC)   1.05 

N2O3 mg/L NO2 mg/L NO2-N mg N/L 1.21 3.29 

N2O5 mg/L NO3 mg/L NO3-N mg N/L 1.15 4.43 

NH3 mg/L NH4 mg/L NH4-N mg N/L 1.06 1.29 

P2O5 mg/L PO4 mg/L PO4-P mg P/L 0.34 3.07 

Fe2O3 mg/L Fe mg/L Fe mg/L 0.70 1 

Mn2O3 mg/L Mn mg/L Mn mg/L 0.70 1 

CaO mg/L Ca mg/L Ca mg/L 0.72 1 

MgO mg/L Mg mg/L Mg mg/L 0.60 1 

SiO2 mg/L SiO2 mg/L SiO2-Si mg Si/L 1 2.14 

KMnO4 mg/L KMnO4 mg/L KMnO4-O2 mg O2/L 1 3.95 

TH b Dc TH Dc TH mmol/L 1 5.60 

a Only for some waterworks. b TH = Total Hardness; c D = German degrees.  

 

Pretreatment and preservation of samples and 
analytical procedures are nowadays standardized, 
much improved and more specific. Samples are 
filtrated in the field over 0.45 µm filters and 
acidified when necessary, which was not 
necessarily the case in the past. PO4 for example 
was measured in non acidified samples probably 
before the 1990s, which is a major problem in 
samples containing iron, if not analyzed 
immediately, due to losses of PO4 by sorption to 
precipitating iron hydroxides. Most older analyses 
are therefore unreliable with respect to PO4 and 
should not be taken into consideration (Stuyfzand, 

1987b). Analytical techniques have also improved 
especially regarding trace compounds. In 
individual cases, however, they worsened due to 
the selection of more rapid methods and 
refraining from duplicate analysis. SO4 for 
example was determined by precipitation with Ba 
until the 1970s, which was a more precise method 
than many ultrarapid spectrometric methods 
applied nowadays. 

Hence, historical data should be checked on 
errors and hydrochemical consistency before 
starting any trend analysis. This is a tedious and 
time consuming exercise, but necessary in order 
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to avoid erroneous interpretations and 
conclusions. The process is substantially fastened 
by the use of specialized software like HyCA 
(www.hyca.nl), a program developed within the 
framework of this research project to facilitate the 
correction, management and interpretation of 
water quality data and the presentation of results. 
HyCA presents a fully automated routine to plot 
trends and maps, and to calculate indicators like 
the ionic balance, specific electrical conductivity, 
redox environment, saturation indices for different 
minerals and outliers. This facilitates the 
identification and correction of errors mentioned 
here. 

2.6 Guideline 4: how to determine 
the origin of the water 

As already mentioned in “Well fields and their 
data collection”, the source water is a crucial 
factor for the proper interpretation of PSWF data. 
RBF and AR can often be distinguished from 
autochthonous groundwater (locally or regionally 
infiltrated rainfall) by means of specific origin 
tracers. Kass (1998), Clark and Fritz (1997) 
provide an overview of generally applied water 
tracing techniques. The technique is briefly 
illustrated with an example from The Netherlands, 
where PSWFs abstracting RBF are separated 
from PSWFs pumping autochthonous 
groundwater. Complications of the method in the 
Rhine delta are mentioned as well. 

In The Netherlands, RBF and AR have been 
successfully distinguished from autochthonous 
groundwater (locally or regionally infiltrated 
rainfall) by means of a.o. δ18O, Cl, the Cl/Br ratio, 
Mg, and the Fe/Mn ratio (Stuyfzand, 1989a). The 
contrasting low δ18O content of Rhine water (δ18O 
= -9.5 ‰) as compared to autochthonous 
groundwater in The Netherlands (δ18O = -7.6 ‰) 
is related to the high contribution (ca. 70%) of the 
inland mountainous areas in Switzerland and 
Germany to the Rhine’s discharge in The 
Netherlands, and the depletion of the heavier 
oxygen isotope 18O upon its preferential raining 
out from oceanic air when moving inland and 
uphill. The high Cl/Br ratio in the Rhine (500-820) 
is caused by the low Br content of salt waste 
released by the salt mining industry in the Elzas to 
the Moesel River, which discharges into the Rhine 
River in Germany. Combination of both tracers 
yields the most reliable identification. Fig 2.2 
shows the results obtained for PSWFs located in 
the Rhine delta, composed of the branches Lek, 
Waal and Yssel (Fig 2.1). Also given is the 
percentage of RBF, quantified as: 

( )
( )GR

GM

CC

CC
RBF

−
−= 100%           (2.1) 

where CM, = δ18O or any other tracer in the 
sample, CG = ditto, in the autochthonous 
groundwater (δ18O = -7.6 in The Netherlands); CR 
= ditto, in the influent (δ18O = -9.5). 

The following complications were encountered in 
The Netherlands when using δ18O. On the one 
hand, δ18O levels in autochthonous groundwater 
may deviate from -7.6 ‰, especially when 
infiltrated during a glacial period (-9 ‰) or when 
infiltrated in swampy areas with high evaporation 
losses (-4 to -6 ‰). Minor deviations arise in The 
Netherlands due to differences in distance to the 
North Sea coastline (0.5 – 250 km), different 
altitudes (-7 to 321 m+MSL) and land uses. On 
the other hand, there is a recent trend of 
increasing δ18O levels in the Rhine (-9.9 ‰ in the 
1960-1970s, to -9.1 ‰ in the period 1997-2006) 
due to climate change and various changes in 
water management in the Rhine catchment area 
(Stuyfzand, 2008b). This trend necessitates to 
also address the age of the water pumped, or to 
use more tracers. 

2.7 Guideline 5: how to calculate the 
Hydrological Response Curve 

The Hydrological Response Curve (HRC) is the 
cumulative frequency distribution of the age of the 
water pumped by a well (field). The HRC is crucial 
for the interpretation of water quality data 
obtained from PSWFs, but its accurate 
determination requires the collection of numerous 
data and intensive modeling procedures. In a 
national inventory such data and models are 
frequently lacking for too many PSWFs, so that 
simple approximations are needed to calculate 
their HRC, and for comparison or consistency, 
also for the others. Therefore, in the following 
paragraph a simplified method is presented to 
approximate the HRC of a PSWF. It is mainly 
based on the thickness and porosity of the 
pumped aquifer, the depth of abstraction, and 
recharge rate. Such data are easy to estimate on 
a national scale. The method is developed for 
‘normal’ PSWFs, either phreatic or confined. RBF 
and AR require different methods, due to their 
direct connection to surface water infiltrating via a 
line source. 
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2.7.1 General HRC equation 

The travel time of groundwater (t) to a well field 
consists of an unsaturated (tUNS) and saturated 
(td) part. In the following analytical approximation 
of t, the pumped aquifer is assumed to be 
homogeneous, isotropic, of infinite length and with 
uniform recharge, and the well field is 
schematized into a single abstraction well with an 
equal water delivery along the whole well screen. 

Assuming a constant thickness of the unsaturated 
zone, the travel time in the unsaturated zone (tUNS 
in year) can be approximated according to 
Stuyfzand (1993) by 

( ) NchVtUNS /ε+=            (2.2) 

where h = average thickness of the unsaturated 
zone (m); V = mean moisture content of the 
unsaturated zone (fraction by volume); ε = 
porosity of the capillary fringe (fraction by 
volume); c = thickness of the capillary fringe (m); 
N = groundwater recharge (m/y). 

For details on how to calculate V from grain size 
data and N, reference is made to van Lanen 
(1984). Normal values for medium grained sandy 
deposits in The Netherlands, with N = 0.8 m/y, 
are: V = 0.07, ε = 0.4 and c = 0.3 m (Stuyfzand, 
1993). The effect of differences in unsaturated 
zone thickness induced by the variable relief 
around the PSWF could be incorporated using the 
method proposed by Schwientek et al. (2009). 

The travel time of groundwater in the saturated 
zone (td in year) of a phreatic aquifer at depth d 
(m below the groundwater table) (Fig 2.3), given 
the above mentioned conditions, can be 
calculated according to Vogel (1967) (see also 
(Appelo and Postma, 1983)) by: 
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with n = effective porosity; D = aquifer thickness 
(m). 
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Fig 2.2: Tracer plot of δ2H versus δ18O, for PSWFs located in the Rhine delta (see Fig 2.1 for location). 
Isotopic concentrations are reported as per mil deviation from the Vienna Standard Mean Ocean Water (V-
SMOW). Classification according to average % RBF obtained with Eq. (2.1) for δ18O. The % RBF is 
indicated for PSWFs with values > 20, except for the ones with 100%. GMWL = Global Meteoric Water Line.  
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This expression does not take into account any 
impact on flow by groundwater pumping. For 
calculating the HRC the term d in Eq. (2.3) needs 
to be replaced by: 

)(01.0 ULXU ddPdd −+=           (2.4) 

where dL = lower well screen level (m below 
groundwater table); dU = upper well screen level 
(m below groundwater table); Px = percentile x in 
the HRC (0-100%). Replacing d in Eq. (2.3) by 
Eq. (2.4) and adding Eq. (2.2) yields the following 
HRC for a phreatic PSWF: 
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For practical purposes the following conditions are 
set: dL ≤ 0.999DA or dL ≤ 0.999D (Fig 2.3), where 
DA = thickness of phreatic aquifer (m). 

In case of a (semi)confined aquifer, a term needs 
to be added to take into account the travel time 
from the edge of the confining layer to the PSWF 
(Fig 2.3), what yields the following HRC for a 
semiconfined PSWF: 
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where DB = thickness of the semiconfined aquifer 
(m); xo = distance between the groundwater divide 
and the last flow line feeding the top of the 
confined aquifer (m); xB, ∆x = distances from the 
groundwater divide to respectively the well and 
the edge of the confining layer (m) and D = 
thickness of phretic+semiconfined aquifers.  

If we neglect the latter term in Eq. (2.6) due to 
lack of data, then Eq. (2.6) yields only minimum 
travel times in its HRC. This information is, 
however, still very valuable. For instance, a tC > 
55 years in 2008 strongly reduces the chance on 
pollutants that were introduced after 1953. 

An important characteristic number in the HRC is 
the percentage of ‘Young’ groundwater (%Y), 
which is defined as water that infiltrated after 1953 
and therefore (still) contains a significant tritium 
activity (Fig 2.4) and relatively many modern 

pollutants. This %Y is obtained from the HRC, by 
rearranging Eq. (2.5) and Eq. (2.6) to: 
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with G = nDB (xB - ∆x) / (Nx0) (year; G=0 for 
phreatic); Y = reference date (for sample taken 
after 1953; for instance August 30, 1984 = 
1984.66 – 1953).  

2.7.2 Tritium validation and calibration 

The natural background activity of tritium in 
central Europe is 5 (TU) (Tritium Units), but after 
nuclear tests in the 1950s and 1960s, activities up 
to 1700 TU were reached in bulk precipitation in 
The Netherlands (Stuyfzand, 1993). In Fig 2.4 the 
measured tritium activities (with a reconstruction 
prior to 1970) and the same activities after a 
correction for radioactive decay are shown. The 
correction to a specific reference date (tR) is as 
follows 

( ) 264.12/6931.033 RA tt
AR eHH −−=           (2.8) 

where tA = date of the tritium analysis (for 
instance August 30, 1984 = 1984.66); 3HA = 
tritium activity at date of analysis; and 3HR = 
tritium activity corrected for decay at reference 
date. 12.264 = half-life of tritium (years) (Akulov 
and Mamyrin, 2004). 

A single tritium measurement of the mixed water 
from the well field can be used to roughly calibrate 
the HRC, by multiplying the whole HRC with the 
ratio of the predicted tritium activity (on the basis 
of the HRC and the annual tritium input corrected 
for decay to year of measurement) and the 
measured tritium activity: 

tHHt MHRCC )( 3
1

3
−=           (2.9) 
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        (2.10) 

where tC = corrected HRC; t = original HRC as 
calculated by Eq. (2.5) or Eq. (2.6); 3HM = tritium 
activity measured in the mixed water from the well 
field on reference date tR (TU); 3HHRC-1 = predicted 
mean tritium activity for the well field on reference 
date tR (TU); (3HIN)X = predicted tritium activity for 
percentile X on reference date tR (TU). 
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Fig 2.3: Cross section showing groundwater flow towards a phreatic (A) and a semiconfined (B) PSWF, both 
schematized by a single abstraction well.  
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Fig 2.4: Tritium activity in bulk precipitation at station Groningen in the northern Netherlands and corrected 
for radioactive decay in 1983 and 2008. Period 1940-1969 = reconstructed after Stuyfzand (1993); period 
1970-2006 = data obtained from the water isotope system for data analysis, visualization and electronic 
retrieval (WISER) of the International Atomic Energy Agency (IAEA). 
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Thus, the calculation of 3HHRC-1 is based on the 
tritium values from the input curve (annual means 
corrected for decay to reference date tR; Fig 2.4), 
and the calculated travel times for each percentile 
from the uncorrected HRC. The reference date 

and travel times need to be rounded off in order to 
match the corresponding year of the tritium input. 
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Fig 2.5: Correlation between tritium activity measured on the reference date and the mean tritium activity 
predicted from uncorrected (left) and corrected (right) HRC. The improvement is quantified by the Pearson’s 
linear correlation coefficient. 
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Fig 2.6: HRC obtained before and after correction for the measured tritium activity in the pumped water, for 
three different PSWFs: (a) Goor: shallow, phreatic with 3H = 42 TU; (b) Amersfoortseweg: shallow 
(semi)confined with 3H = 21 TU; and (c) Aalsterweg: deep confined with 3H < 2 TU (no correction needed). 
For Goor also the HRC as obtained from a 3D groundwater model is shown. 
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The tritium corrected HRC yields a much better fit 
of the measured and predicted tritium activities 
(Fig 2.5), which justifies the correction. Deviations 
remain, however, due to the rough approximation 
of the HRC and deviations from the assumed 
boundary conditions. Results obtained for three 
different PSWFs in The Netherlands are shown in 
Fig 2.6. 

The tritium activities measured in PSWFs Goor, 
Amersfoortseweg and Aalsterweg in 1983 were 
respectively 42, 21 and <2 TU. HRCs were 
calculated for average situations of n = 0.35 and 
R = 0.4 m/y. Note that the tritium correction 
displaces the HRC towards longer travel times in 
the case of Goor and towards shorter travel times 
in Amersfoortseweg. Aalsterweg is a deep PSWF 
that pumps very old water from tertiary sediments 
(3H < 2 TU; no correction needed). It is important 
to realize that hydrodynamic dispersion has been 
neglected in our approach, which would decrease 
the low ages and increase the high ages in all 3 
cases. For Aalsterweg all ages should be raised 
by the time needed for subhorizontal transport in 
the (semi)confined aquifer (XB – ∆X; Fig 2.43).  

2.8 The value of PSWFs as 
compared to NGQMNs 

Following the guidelines here presented, PSWFs 
constitute a valuable monitoring network to 
determine temporal and regional patterns in 
groundwater quality. In this paragraph, the value 
of PSWFs is illustrated as compared to NGQMNs, 
by means of two examples: (1) The spatial 
distribution of potassium obtained from both 
networks in The Netherlands; and (2) The length 
of the time series gathered from both networks, in 
order to establish the natural background 
concentration of groundwater. The third example 
illustrates how the WFA-record helps to interpret a 
long but disturbed water quality record obtained 
from PSWFs. 

2.8.1 Spatial distribution of potassium 

The concentration of potassium (K) in bulk 
precipitation is about 0.2 mg/L (KNMI-RIVM, 
1978-1988), but concentrations in groundwater 
can be much higher, due to both natural and 
anthropogenic sources. Natural K sources in 
groundwaters are (1) marine influences (K=400 
mg/L in sea water), (2) dissolution of K rich 
minerals like feldspars, and (3) cation exchange 
between groundwater and the soil matrix in 
freshening aquifers. The main anthropogenic 
sources are (1) the application of manure (either 

animal or artificial) in agricultural areas and (2) 
leaky sewer systems in urbanized areas. K 
concentrations in groundwater are reduced by 
plant uptake (K is an essential plant nutrient) and 
sorption. The spatial distribution of K in both 
PSWFs and LMG is shown in Fig 2.7. Note that 
PSWFs correspond to the depth of abstraction 
(see Fig 2.1 for different types of PSWFs) and 
LMG to the shallow filter, around 9 m BLS.  

In general, LMG presents much higher 
concentrations than PSWFs. The high K 
concentrations in LMG in the marine clays in the 
western part of the country are due to the 
presence of brackish to salty groundwater. This 
fact also explains why groundwater abstraction for 
drinking water preparation is absent in this area. 
High concentrations are also found in sandy 
uplands with intensive agriculture. The high 
concentrations in these shallow groundwaters are, 
however, substantially reduced in the PSWFs, 
mainly due to a decrease in K concentration with 
depth due to sorption and increasing age and due 
to mixing of waters of different origin (incl. land 
use). PSWFs in Twente (see Fig 2.1 for location) 
present higher concentrations than the ones in the 
Achterhoek because the pumped aquifer is much 
thinner and there is less space for groundwater 
flow, sorption and mixing with deep groundwater. 

Observation wells located within the Rhine fluvial 
plain present low K concentrations. The levels are 
slightly higher in PSWFs with RBF (white dot) and 
AR (black dot), due to raised K in the rivers (K = 
5-6 mg/L). 

The lowest K concentrations (<2 mg/L) are 
encountered in PSWFs in the glacial till plateau 
and the ice pushed ridges of Utrecht and the 
Veluwe. They pump Pleistocene nonmarine 
aquifers that are not influenced by agriculture, 
because they pump relatively old water and/or 
due to the absence of agriculture in the WHPA.  

A curious inversion effect is observed in the 
Central Graben, where shallow observation wells 
and shallow PSWFs present lower concentrations 
than deep PSWFs, which mainly abstract water 
from deep tertiary aquifers. The higher K 
concentrations are probably related to desorption 
of K in a freshening aquifer and the natural 
weathering of glauconite, which is abundant in 
those deposits. 

Only two PSWFs exceed the drinking water norm 
of 12 mg/L. 
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Fig 2.7: Potassium concentrations in PSWFs in 2008 and LMG in 2003, projected on top of a landscape map of The Netherlands. PSWFs with a strong 
influence of surface water are marked (black dot for AR and white dot for RBF).  
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2.8.2 Natural background composition 

PSWF Goor (Fig 2.7, left) is active since 1915 in 
the eastern part of The Netherlands, with a 
capacity of 1.5 Mm3/y. The well field comprises 10 
wells screened at 17-27 m BLS. The wells pump 
anoxic water from a 20 m thick aquifer, consisting 
of coarse fluvioglacial sands. The slightly 
calcareous aquifer is covered by a discontinuous 
sandy clay layer of large reduction capacity at 10-
12 m BLS and a 10 m thick layer of fine sands on 
top. The WHPA of Goor covers 109,600 m2, 24 % 
of which is urbanized by the village Goor, and 58 
% is agricultural land. The closest piezometer 
nest of LMG is LMG226, situated 2 km to the west 
and regularly monitored at 8 and 24 m BLS. The 
surface level at the location of PSWF and 
LMG226 is 11 m ASL. Time series of major 
parameters measured in the PSWF and both well 
screens are shown in Fig 2.8. Data of macro 

parameters and some trace elements measured 
in 1996 are given in Table 2.5. 

LMG226-8 shows clear influences of agriculture, 
with high concentrations of NO3, with one sample 
exceeding three times the EU drinking water norm 
of 50 mg/L. The effect is masked in LMG226-24 
and the PSWF by the strong denitrification 
capacity of the aquifer (by organic matter and 
pyrite), which reduces all NO3 to gaseous N2. NO3 
concentrations in the pumped water of the PSWF 
are also reduced by dilution with waters from 
natural areas or waters that infiltrated before 
intensive farming started, and by local horizontal 
dewatering of shallow, polluted groundwater. This 
means that although NO3 concentrations in 
shallow groundwaters under agricultural areas 
can rise above the drinking water norm, 
concentrations in pumped waters are generally 
much lower and only occasionally exceed the 
norm. 
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Fig 2.8: Time series of major parameters of groundwater obtained from PSWF Goor (17-27 m BLS), and 2 
piezometers of LMG226 of the National Groundwater Monitoring Network, at resp. 8 and 24 m BLS. 
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Agricultural practices and, to a smaller extent, 
atmospheric deposition of SO4 and NO3 also 
introduce high loads of acidifying substances. 
These are buffered by dissolution of calcite, 
yielding high HCO3 concentrations and total 
hardness values >4 mmol/L. The effect is 
accentuated by liming by farmers, for reducing 
soil acidity. The high SO4 concentrations are due 
to inputs from agriculture (in the form of animal 
manure), atmospheric deposition of SO4 and 
probably some pyrite oxidation by NO3. The effect 
of these anthropogenic influences is not so strong 
in LMG226-24, which has lower values for all the 
parameters, due to the increasing depth and the 
protecting effect of the semiconfining layer. The 
water sample from the PSWF represents an 
average water quality from a large catchment 
area including both moderately deep and shallow 
groundwaters. As such it is more representative 
for the regional character of the system than the 
localized observation wells. 

Fig 2.8 also reveals that the natural backgrounds 
of the different water quality parameters in the 
aquifer can be much better inferred from the 
historical data record of the PSWF, starting in 
1915, than from the 20 years of measurements 

available in NGQMN. The quality measured in the 
pumped water in 1915 is given in Table 2.5. 

2.8.3 WFA-record  

The WFA-record (see guideline 2) is a general 
indicator of environmental problems affecting the 
groundwater system and provides substantial 
information on the effects of anthropogenic 
influences on water resources. As an example, 
the consequences of expansion and reallocation 
for the quality of the water delivered by PSWF 
Oldenzaal (Fig 2.7, left) are illustrated here. The 
well field was established in the centre of the town 
of Oldenzaal in 1906. Increased water demands 
forced the installation of a second well field in the 
same semiconfined aquifer but just outside town, 
in 1928. Water quality steadily worsened, 
probably due to infiltrating sewage from cesspits 
and effluents or spills from local industries. In 
1954 the first well field was abandoned because 
of an unacceptable water quality. In 1963 a third 
well field was added further away from town, in an 
agricultural area, in the same semiconfined 
aquifer. This, in combination with the installation 
of a sewer system in Oldenzaal, significantly 
improved the situation, as evidenced by a sharp 
decline in Ca and SO4 (Fig 2.9).  

 

Table 2.5: Water quality data measured in 1996 at PSWF Goor and 2 piezometers of LMG226 (belonging to 
the Dutch Groundwater Quality Monitoring Network). For comparison, the water quality at the PSWF in 1915 
is given, which approaches the natural background. 

Name Units GOOR LMG 226-8 LMG 226-24 GOOR 1915 

Sampling year  1996 1996 1996 1915 
Screen depth m BLS 17-27 8 24 17-27 
            
EC uS/cm 800 1030 490 180 
THb mmol/L 4.0 5.1 2.3 0.9 
pH   7.1 7.0 7.7   
Cl mg/L 54 31 26 9.5 
HCO3 mg/L 404 384 166 104 
NO3 mg/L 0.1 27.5 <0.03 <0.03 
SO4 mg/L 90 166 65 7.8 
Ca mg/L 140 176 82 30 
Mg  mg/L 11 17 6 3 
Na  mg/L 31 29 11   
K  mg/L 5 9 1   
Fe  mg/L 4.90 0.34 0.27 0.25 
Mn  mg/L 0.3 0.5 0.2 0.1 
As  ug/L 4.5a <0.1 1.6   
Cu  ug/L 5.5a 3 <0.7   
Ni  ug/L 1a 12 <0.7   
Zn  ug/L 8a <6 <6   

a measured in 1992; b TH = Total Hardness. 
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Fig 2.9: Concentration of major parameters in PSWF Oldenzaal from 1915 until closing down in 2001. The 
extension of the PSWF with new wells in 1928 and 1963 and the closing of the first location in 1954 are 
indicated by vertical lines. 

 

SO4 and Ca (and to a smaller extent Cl) present a 
similar pattern. SO4 sources in the area are 
atmospheric deposition, pyrite oxidation caused 
by either NO3 released from agriculture and/or O2 
due to lowering of water tables by groundwater 
abstraction. The NO3 reduction capacity of the 
confining layer is also demonstrated by the 
absence of NO3 in the pumped water, even 
though NO3 concentrations above 200 mg/L are 
measured in shallow observation wells within the 
area. The acid released from the oxidation of 
pyrite is buffered by dissolution of calcite, which 
explains the Ca increase. 

Hence the WFA-record, comprising 2 phases of 
expansion and reallocation in this case, is a clear 
indicator of groundwater quality deterioration in 
the area. The PSWF was definitively closed down 
in 2001. 

2.9 Conclusions 

PSWFs constitute a very valuable monitoring 
network of groundwater quality, capable to 
demonstrate pollution trends and to establish the 
natural background concentrations, due to their 

spatial distribution throughout the country and the 
long time series available, which in many cases 
cover the whole period of interest. In The 
Netherlands, PSWF water quality records are 
available since 1898, when groundwaters were 
hardly affected by anthropogenic influences and 
thus approximate the natural backgrounds. This 
forms a significant advantage over more recently 
installed national monitoring networks, where the 
natural background must be statistically inferred 
from data starting in the early 1980s. Other 
advantages of PSWFs are as follows: They are 
regularly sampled and analyzed for reasons of 
societal importance of drinking water production. 
The standard analytical package for PSWFs is 
much more extensive than for dedicated 
monitoring networks, by also addressing a long 
list of organic micropollutants that represent a 
hazard for human health. In addition, the water 
quality data can be considered representative for 
the relatively high volumes of water pumped, 
which are registered as well. 

However, the mixed character of water samples 
obtained from PSWFs requires a more laborious 
interpretation than samples from conventional 
observation wells due to misleading effects 
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resulting from variable pumping schemes during 
sampling and/or well field adaptation measures, 
which mask the effects of environmental problems 
by dilution, reallocation or changing the water 
sources. This problem can be counteracted by 
using quality records of unaltered wells or well 
fields, provided data are available or following the 
guidelines here presented otherwise.  

Data obtained from PSWFs are biased towards 
good quality because they are drilled in specific 
areas of good groundwater, suitable for drinking 
water preparation, and because the water supply 
company may wish to retain negative quality data. 
Conventional monitoring networks are usually 
biased towards specific environmental hazards for 
which they are defined. In addition, PSWFs can 
be biased towards more oxidizing environments 
because of their local lowering of groundwater 
tables. The samples obtained from PSWFs are 
mixed groundwaters from different depths, 

geological formations, ages and origin, which are 
usually not in chemical equilibrium. The mixing of 
aerobic and anaerobic waters may result in 
samples containing O2, NO3 and Fe, which would 
rarely happen in an equilibrated water sample 
from a conventional observation well. The high, 
well-mixed volume is, however, also an 
advantage because of the large (sub)regional 
area a single sample represents.  
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